Synaptic vesicle retrieval has been studied using membrane, and a depletion of vesicles from the bouton various tools. For example, FM1-43 is a fluorescent lumen. Interestingly, mutant larvae are still able to suslipophilic dye which binds membranes and can be intertain release at 15%-20% of the normal rate during nalized into newly formed synaptic vesicles in an activhigh-frequency stimulation. We propose that kissity-dependent manner. These labeled vesicles can be and-run maintains neurotransmission at active zones unloaded through exocytosis (Betz and Bewick, 1993), of the larval NMJ in endophilin animals. run mechanism.
Results

tion (Figure 1C
. endo 1 animals are sluggish and die as second or early third instar larvae, while endo 2 animals die during pupariation. Precise excision of the P eleDrosophila Endophilin Is an Essential Gene Expressed in the Nervous System ments of endo 1 and endo 2 allowed recovery of viable and fertile revertants, demonstrating that the lethality To study synaptic vesicle retrieval, Drosophila homologs of proteins previously implicated in synaptic endocytoassociated with the endo 1 and endo 2 alleles is due to the P element insertions in endo. sis were identified in a genome-wide scan of the Drosophila genome sequence (Lloyd et al., 2000) . This analTo determine where the gene is expressed and if the mutations affect endo expression, we carried out in situ ysis identified a single fruit fly homolog of endophilin (endo) ( Figure 1A) . A cDNA clone of endo was sehybridizations on whole-mount embryos. ENDO message is abundantly expressed in brain lobes and the quenced and the primary structure of the protein determined. Drosophila Endophilin (Drosophila proteins are ventral nerve cord, starting at stage 13 ( Figure 1D ; stage 17). No detectable endo expression was observed in capitalized) is 49% identical and 65% similar to its rat counterpart (Ringstad et al., 1997) . Similar to other enthe embryonic nervous system of endo 1 mutants, suggesting that endo 1 is a null mutation. The ENDO message dophilins, the Drosophila protein contains a C-terminal SH3 domain and a conserved N-terminal domain prowas also detected in the central nervous system of third instar larvae and photoreceptors in the eye imaginal posed to harbor lipid-modifying enzymatic activity (Schmidt et al., 1999) . discs (data not shown), suggesting a role for endo in most neurons. We identified four EP P element transposon insertions (Rørth, 1996) in the 5Ј untranslated region of endo (Figure To establish a molecular lesion creating an unambiguous null allele of endo, an imprecise excision of the 1B). Three (endo 1,2, and 3 ) of the four alleles are homozygous lethal and fail to complement each other, indicating homozygous viable endo 4 P element insertion was generated. endo ⌬4 is a deletion in the endo gene which that the transposon insertions disrupt endophilin func- animals is identical to that of endo 1 /endo 1 larvae, providand inter-bouton junctions in third instar larvae (Jan and Jan, 1982). Endophilin is restricted to boutons and is ing evidence that endo 1 is a null allele. Based on our complementation analysis ( Figure 1C) , we propose the presynaptic, as it overlaps with anti-HRP labeling in boutons only ( Figure 2D) Figure  2 ). Endophilin localization also largely overlaps with endo 1 animals lacking maternally contributed products is identical to endo 1 mutant animals that carry maternal ␣-Adaptin ( Figure 2F ) and Dynamin ( Figure 2G ). In summary, Endophilin is localized to the presynaptic nerve products. Hence, the complete absence of Endophilin does not lead to embryonic or early larval paralysis.
terminal at the NMJ, consistent with a role for Endophilin in synaptic vesicle endocytosis. To determine if endophilin is required only in the nerEndophilin Is Localized and Required Presynaptically at Neuromuscular Junctions vous system, we used the UAS/GAL4 system to express Endophilin in differentiating neurons of endo mutants. To study the protein expression pattern and subcellular localization of Endophilin, we generated polyclonal antiThe EP P elements (Rørth, 1996) To determine the precise subcellular localization of Endophilin, we double immunolabeled synapses with is rescued (Figure 1Cb ). In contrast, when GAL4 is only clathrin-mediated endocytosis (Huttner and Schmidt, 2000), the evoked EJP was monitored during a stimulation protocol aimed at detecting endocytotic defects.
Endocytosis but Not Exocytosis Is Impaired in Endo Mutants
After obtaining a baseline EJP amplitude at 1 Hz, a stimulus train of 10 Hz (tetanus) was delivered to the To determine if endophilin is involved in synaptic vesicle exocytosis, we recorded excitatory junctional potentials nerve for 600 s. In control animals ( Figure 5A , blue), the EJP amplitude quickly declined to about 60% of the 1 precipitously to about 20% of the pretetanic level after 100 s, and then maintained this low level of release over Hz pretetanic level after 100 s, and then slowly declined to about 30% of the pretetanic level at the end of the the remaining 500 s of the tetanus ( Figure 5A , red). We estimated that the total number of quanta released durtetanus. In marked contrast, upon tetanic stimulation, the EJP amplitude in endo 1 mutant synapses dropped ing tetanic stimulation over 600 s is 1.9 Ϯ 0.4 ϫ 10 5 in Based on these data, we estimate that the FM 1-43 that measured at the endo 1 NMJ ‫000,51ف(‬ quanta; Figure  5B , yellow bar), FM1-43 dye labeling was easily obdetection limit is between 1,000-1,500 vesicles per synapse. Therefore, our inability to detect FM1-43 uptake in served (supplemental data, Figure S1 ). Second, we counted the number of quanta released during a brief endo 1 boutons must reflect a block in clathrin-mediated vesicle uptake. stimulus in the presence FM1-43. We assumed that the released number of quanta equals the number of internalized and labeled vesicles (supplemental data, Figure  Synaptic Vesicles in endo Mutants Persist at the Active Zone Despite Synaptic Activity S2). Labeling of fewer than 4,000 vesicles per synapse could be readily detected. Third, using a total depletion Vesicle recycling has been proposed to follow two main pathways that are spatially separated at the synapse. paradigm in shi ts1 , followed by vesicle reformation for various time intervals at the permissive temperature, One of these pathways emanates from the active zone in endo 1 is not due to our inability to detect labeling of of exocytosis. This vesicle pool would be exhausted within 10 s at 10 Hz stimulation, yet endo mutants sustain a pool consisting of 15,000 vesicles since we were able to detect labeling of fewer than 2,500 vesicles (supplerelease for 600 s and release 190,000 quanta during this period. These quanta are the equivalent of more than mental information, http://www.cell.com/cgi/content/ full/109/1/101/DC1), implying that the detection limit of 10 endo vesicle pool sizes, implying that vesicles at endo mutant synapses undergo multiple rounds of exothis dye is even lower at Drosophila NMJs (1,000-1,500 vesicles). We conclude that the vesicle pool cannot be cytosis. et al., 2000) . Unfortunately, despite repeated attempts, we were unable to obtain reliable data using these tech- cycling. Mutations in endo specifically affect clathrin-
